The incidence of superficial dermatophytoses is high in developed countries, and there remains a need for effective topical antifungals. In this study, we evaluated the in vitro antifungal activity of naftifine hydrochloride, the active ingredient in naftifine hydrochloride cream and gel 1% and 2%, against dermatophytes. The MICs and minimum fungicidal concentrations (MFCs) of naftifine hydrochloride against 350 clinical strains, including Trichophyton rubrum, T. mentagrophytes, T. tonsurans, Epidermophyton floccosum, and Microsporum canis, were determined using the CLSI methodology. Subsets from this test panel were subsequently tested in a time-kill assay at 0.125؋, 0.25؋, 0.5؋, and 1؋ the MFC for each isolate. CFU counts were performed over a period of 48 h of incubation. Additionally, in order to determine the potential for resistance development, six strains were subjected to 15 serial passages in concentrations higher than the MIC for each strain. MICs were determined following each passage. The MIC range against the dermatophyte isolates tested was 0.015 to 1.0 g/ml, with naftifine hydrochloride being fungicidal against 85% of the Trichophyton species. The time-kill assay showed dose-dependent activity, with the greatest reduction in the numbers of CFU corresponding to the highest drug concentration. There was no increase in MIC for any strains following repeated exposure to naftifine hydrochloride. Naftifine hydrochloride demonstrated potent activity against all dermatophytes tested, and none of the isolates within this test panel demonstrated the potential for the development of resistance. Thus, future clinical studies of naftifine hydrochloride against dermatophytes may be warranted for the treatment of superficial dermatophytoses.
T he prevalence of superficial fungal infections has been estimated to be as high as 25% among the worldwide population, though the distribution of clinical manifestations and the causative agents vary by geographical location (1) . Superficial mycoses are most often caused by dermatophytes, which belong to one of three genera, Trichophyton, Microsporum, and Epidermophyton (2) . After onychomycosis and tinea capitis, the most prevalent superficial mycosis in the United States and Canada is tinea pedis (affecting approximately 40% of the population), followed by tinea corporis and tinea cruris (3, 4) . The most common dermatophyte isolated in this region is Trichophyton rubrum, followed by T. mentagrophytes and Epidermophyton floccosum (1) . The clinical manifestations and species distribution in the countries of Western Europe, Asia, and Australia mimic those in the developed countries of North America, with tinea pedis being the most prevalent in these areas (1, (5) (6) (7) .
With the incidence of superficial dermatophytoses remaining so high in developed countries, there remains a need for topical antifungals that are safe and effective. Naftifine hydrochloride, the original member of the allylamine class, has shown potent in vitro antifungal activity against dermatophytes (8, 9) and subsequently has been shown to be an effective topical agent for the treatment of tinea cruris, tinea corporis, and tinea pedis (10) .
However, with the increased use of antifungal agents, including azoles, for the treatment of superficial dermatophytoses, the development of resistance remains a possibility and needs to be monitored. The development of fluconazole resistance among Candida spp. is well documented, and there has been evidence of development of resistance to itraconazole by filamentous fungi (11, 12) . Further, Gupta and Kohli have reported increased MICs in T. rubrum following treatment with ketoconazole (13) . Though to our knowledge there are no published reports of the development of resistance in dermatophytes following repeated exposure to terbinafine or other allylamines, it is important to determine whether such resistance to members of this antifungal class is likely to occur.
Further, as new antifungal agents are developed, there is a need to understand the fungicidal properties and pharmacodynamic characteristics of these agents. Data collected from time-kill studies provide information regarding the rate and extent of fungicidal activity as the relationship between concentration and effect. In the study described in this report, we assessed the in vitro activity of naftifine hydrochloride, the active ingredient in naftifine hydrochloride cream and gel 1% and 2%, against the dermatophyte strains shown to be the most common causative agents of tinea pedis and other superficial dermatophytic infections by determination of the MICs and minimum fungicidal concentration (MFCs), time-kill assays, and development-of-resistance studies. MIC testing was performed according to the CLSI M38-A2 standard method for the susceptibility testing of dermatophytes developed at the Center for Medical Mycology (14, 15) . Naftifine hydrochloride was dissolved in dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO), and serial dilutions were prepared in RPMI 1640 (Hardy Diagnostics, Santa Maria, CA) and added to wells of a microdilution plate. Inocula were prepared in RPMI 1640 to a concentration of 1 ϫ 10 3 to 3 ϫ 10 3 CFU/ml and added to the drug dilutions, and the mixtures were incubated at 35°C for 4 days. The MIC inhibition endpoint was defined as the lowest concentration of antifungal exhibiting an 80% reduction in growth compared to that for the growth control.
MATERIALS AND METHODS

MICs and
MFC determinations were performed according to the modifications suggested by Canton et al. (16) and Ghannoum and Isham (17) . Specifically, the total contents of each clear well from the MIC assay were subcultured onto potato dextrose agar (PDA). To avoid antifungal carryover, the aliquots were allowed to soak into the agar overnight and streaked for isolation once they were dry, thus removing the cells from the drug source. Fungicidal activity was defined as a Ͼ99.9% reduction in the number of CFU/ml from the starting inoculum count, and fungistatic activity was defined as a Յ99.9% reduction.
Time-kill assay. For the time-kill assay, four strains each of T. rubrum, T. mentagrophytes, and E. floccosum from the MIC-MFC study were selected. The assay was conducted using a modification of the method described by Klepser et al. (18) Suspensions of test organisms (inoculum, 3 ϫ 10 3 conidia/ml in Sabouraud dextrose broth) were added to concentrations of naftifine hydrochloride of 0.125ϫ, 0.25ϫ, 0.5ϫ, and 1ϫ the MFC for each isolate. (The MFC values for all Trichophyton strains tested were 0.125 to 0.25 g/ml, while the MFC values for the four E. floccosum strains were 0.5, 1.0, 2.0, and 8 g/ml.) At predetermined time points (0, 2, 4, 8, 12, 24, and 48 h), a 0.1-ml sample was removed and diluted with saline, and a 30-l aliquot from each dilution was plated in duplicate onto a PDA plate. Colony counts were determined following 4 days of incubation at 30°C. A time-kill curve was plotted for each isolate (log 10 number of conidia/ml versus time).
Development of resistance. Three strains each of T. mentagrophytes and T. tonsurans, taken from the set of isolates from the MIC-MFC study, were selected to determine whether repeated exposure to naftifine hydrochloride would cause development of resistance to the drug.
A repeat MIC assay was set up for each strain, in which the contents of the well at 0.5ϫ MIC was subcultured to a PDA plate. An inoculum from this subculture (0.5 ml of a 10 7 -CFU/ml suspension) was added to 10 ml of naftifine hydrochloride in RPMI 1640 at 0.5ϫ MIC, 1ϫ MIC, 2ϫ MIC, and 4ϫ MIC for 4 days. Tubes were then centrifuged at 3,000 rpm for 10 min, and the sediment (cell suspension) was subcultured to PDA. This subculture was subsequently used to repeat the MIC procedure as described above to determine whether an increase in MIC occurred. The process was performed in duplicate and repeated for a total of 15 passages. An indication of the development of resistance to naftifine hydrochloride was defined as an increase in the MIC of greater than 3 dilutions.
RESULTS
MICs and MFCs.
As can be seen in Table 1 , naftifine hydrochloride demonstrated potent antifungal activity against all of the dermatophyte isolates tested. The naftifine hydrochloride MIC range, MIC 50 , and MIC 90 were 0.015 to 1.0 g/ml, 0.06 g/ml, and 0.25 g/ml, respectively, for all dermatophyte strains tested.
Naftifine hydrochloride MFC values were lower for Trichophyton species than for the E. floccosum and M. canis strains tested (Table 1) . Importantly, naftifine hydrochloride demonstrated fungicidal activity against 85% of the Trichophyton species tested (81% of the T. mentagrophytes, 74% of the T. tonsurans, and 96% of the T. rubrum strains), with fungicidality being defined as an MFC within 3 dilutions of the MIC. In contrast, naftifine hydrochloride demonstrated fungistatic activity against 72% of the E. floccosum and 83% of the M. canis strains tested.
Development of resistance. As can be seen in Table 2 , the MICs of all isolates undergoing repeated exposure to naftifine hydrochloride remained constant throughout the serial passages (i.e., no increase in MIC values was noted). The initial naftifine hydrochloride MIC range for the six test strains was 0.03 to 0.12 g/ml, and the MIC for each strain following 15 serial passages was 0.06 g/ml. This demonstrates that naftifine hydrochloride did not have the potential for inducing resistance following serial passage of the dermatophytes tested.
Time-kill assay. The time-kill curves for all dermatophytes tested (Fig. 1) showed that naftifine hydrochloride inhibited all strains in a dose-dependent manner. As expected, the greatest reduction in the numbers of CFU corresponded to the highest drug concentration in each case.
DISCUSSION
In this study, the antifungal activity of naftifine hydrochloride was evaluated. When testing a new antimicrobial agent or formulation, it is important to demonstrate antifungal efficacy, including both growth inhibition and fungicidal properties. Our data showed that naftifine hydrochloride possesses potent antifungal activity against dermatophytes, as measured by MIC, MFC, and time-kill assays. In this regard, our data were in agreement with previously reported in vitro results of the activity of naftifine hydrochloride (MIC range, 0.001 to 0.5 g/ml) against dermatophyte strains (8, 19) . In addition, our fungicidality testing showed that naftifine hydrochloride is fungicidal against the majority of dermatophyte strains. This fungicidality is due to the mechanism of action of naftifine hydrochloride and the allylamine class of antifungals, which exert their fungicidal activity through the inhibition of squalene epoxidase (20) . This inhibition results in the accumulation of squalene, which is known to be toxic to fungi.
Further, with the use of time-kill assays, we showed that naftifine hydrochloride activity is dose dependent, with the greatest reduction in the numbers of CFU corresponding to the highest drug concentration.
Most importantly, we demonstrated that repeated exposure to naftifine hydrochloride did not result in the development of resistance within the tested dermatophyte strains. The underlying reason for this lack of ability to induce resistance could be due to its fungicidal activity. This reason may be comparable to that for amphotericin B, another fungicidal agent, to which resistance has not been reported in over 50 years of use. Similarly, Bradley et al. did not identify any development of resistance to terbinafine, another member of the allylamine class, in the large phase III trial that brought terbinafine to the market (21) . Though a small subset of subjects from this trial failed terbinafine therapy, data indicated that this failure was not associated with resistance development but rather was associated with host-related factors.
Taken together, our data suggest that naftifine hydrochloride may be an excellent candidate antifungal for the treatment of superficial dermatophytoses; future clinical studies are warranted to support this premise.
